We used a near-field interaction with a silver nanorod (AgNR) to greatly enhance luminescence of a lanthanide (Ln) chelate. The enhancement factor was 280-fold leading to single lanthanide luminescence detectable. This is also the first observation on single molecule detection (SMD) of a 10
lanthanide dye.
Single molecule detection (SMD) techniques can be used to explore the optical properties from single fluorophores in heterogeneous samples.
1, 2 To record the emission signal from a single fluorophore, alone the background emission, the 15 fluorophore must have a relatively high emission brightness. Currently, the detection background can be efficiently supressed using confocal microscope. 3 But increased emission brightness of the fluorophore is severely limited by its chemical structure which cannot be easily altered. 4, 5 As a result, only selected 20 organic fluorophores can be sued for SMD. As luminescent dyes, lanthanides (Lns) are attracting a wide research interest because of their excellent optical properties including extremely large Stokes shifts, narrow spectra, and long lifetimes. 6, 7 When the Ln dyes are used as contrast agents for 25 fluorescence imaging and bioassays, the short-lifetime emission backgrounds can be efficiently rejected with time-gated methods and, as a result, the long-lifetime emissions from the Ln dyes can be detected with high sensitivity. 8 However, the Ln dyes have significant weakness on their optical properties. Basically, the 30 emission from Ln ion may involve an electron transition in a 4f orbital which is forbidden. Consequently, the Ln ion usually displays extremely slow excitation and emission rates leading to its low absorbance coefficient and slow radiative rate. 12 The Ln ion hence emits a very low luminescence. To increase the 35 emission intensity, the Ln ion is often coordinated with organic ligands to form chelate. 7, 8 The ligands in the chelate can sufficiently absorb the excitation light and subsequently transfer the energy to the Ln centre. Compared to the Ln ion, the Ln chelate often has an absorption coefficient several orders of 40 magnitude higher leading to that the Ln chelate becomes much brighter. But on the other side, the coordination cannot increase the emission rate of Ln centre so that the improvement of its optical properties is severely limited. Actually, compared with the organic fluorophores, the Ln chelates are often found to emit a 45 lower brightness. Importantly, we notice that under the current conditions, there is still lack of a report on the SMD using the Ln dyes.
In the past decade, near-field interactions have been widely employed to increase the excitation and emission rates of a 50 fluorophore and, furthermore, enhance its fluorescence intensity, extend its photobleaching time, and reduce its photoblinking. 9, 10 Basically, the irradiation of a subwavelength size metal nanoparticle with the light can create a high local electric field. Placement of a fluorophore in this local field within a near-field 55 distance from the metal nanoparticle can result in significant increases in the excitation or/and emission rates of the fluorophore. As a result, fluorescence from the fluorophore can be significantly enhanced from several to thousand folds due to the near-field interactions. 10 There have been many reports on 60 the near-field interaction studies. [9] [10] [11] [12] [13] But it is also noticed that these reports mostly focus on the organic fluorophores and quantum dots, and only few on the Ln dyes.
14,15 It is because the organic fluorophores and quantum dots display relatively small Stokes shifts so the excitation and emission spectra of them can 65 sufficiently couple the single plasmon band from the metal nanospheres, which are generally adopted for the near-field interaction studies, to achieve efficient fluorescence enhancement. In contrast, the Ln dyes display very large Stokes shifts and the excitation and emission spectra of Ln dyes cannot sufficiently couple the single plasmon band from the metal 5 nanospheres. Consequently, the luminescence of Ln dyes cannot be efficiently enhanced on the metal spheres by the near-field interactions. In a recent paper of us, we reported ensemble measurements of silver nanorods (AgNRs) coupled with the europium (Eu) 10 chelates for enhancing the luminescence of Eu chelates. 16 The AgNRs displayed dual-mode plasmons from the transverse and longitudinal axis, respectively, approximately matching the excitation and emission spectra of the Eu chelates. The Eu chelates hence could efficiently couple with the AgNRs at both 15 the excitation emission leading to a great luminescent enhancement. The enhancement factor was observed to reach to 240-fold. On the other hand, we immobilized hundreds of Eu chelates on one AgNR and conducted measurements of optical properties using ensemble spectral method. The SMD of Ln dye 20 was still lacking. In this communication, we control the experiment conditions to tether the single Eu chelate on per AgNR. The AgNRs were also fabricated to display dual-mode plasmons more precisely matching the excitation and emission from the Eu chelates. As a result, a larger near-field interaction 25 was expected to achieve and fluorescence from the Eu chelate was enhanced in a larger scale leading to that the emission signal from the single Eu chelate could be observed. Typically, in a seed-mediated growth method as described early, 15 the AgNRs in the current study were fabricated to display dual-30 mode plasmon absorptions centred at 415 nm and 610 nm from transverse and longitudinal axis, respectively, and the longitudinal plasmon from the current AgNRs was found to precisely match the emission spectrum of the Eu chelates (Fig.1a) . From the TEM images (Fig.1b) , about 200 individual 35 AgNRs were selected to estimate their aspect ratios. The data were collected and analysed by fitting with a Gaussian distribution model (Fig.1c) showing a maximum at 2.5. Thus, these AgNRs were achieved to have an average width of 15 nm and length of 38 nm. 40 To immobilize the Eu chelates on the AgNRs, the silica shells were deposited as thin layers on the external surfaces of AgNRs via a hydrolysis reaction of tetraethyl orthosilicate. To ensure that the Eu chelates were immobilized within a near-field distance from the AgNRs, the silica shells were controlled to be 5 nm 45 thick on the AgNRs. The Eu chelates were absorbed into the silica shells from solution. Typically, the Eu chelate was dissolved in an ethanol solution containing the silica-AgNR nanoparticles at a molar ratio of Eu chelate/AgNR =1/20. In this solution, the silica-coated AgNR was in a largely excess amount 50 relative to the Eu chelate. So the Eu chelates were mostly absorbed as single chelate on one AgNR. Experimental details can be found in the Supplementary Material. To exp-lore the effort of the AgNR to the luminescence of Eu chelate, a NaCN treatment was used to dissolute the metal from 55 the Eu-AgNR complexes. 16 Typically, several drops of 0.1 M NaCN solution was added to a Eu-AgNR complex solution. With dissolution of AgNRs by NaCN, the Eu-silica templates were released as metal free into solution. The emission intensity from the Eu chelates was observed to reduce with the metal dissolution 60 (Fig.S1) . To explore the possible influence from the NaCN itself to the change of luminescence in this treatment, the ensemble emission spectrum from the Eu-silica nanoparticles was monitored by adding serial concentration of NaCN to the solution. The emission spectrum displayed insignificant decrease 65 indicating that the emission from the Eu chelates in the silica nanoparticles could not be influenced by the NaCN. Thus, it was predicted that the decreased emission intensity of the Eu-AgNR complexes in the NaCN treatment was due to the dissolution of AgNRs and the loss of near-field interactions. According to the 70 ratio of emission intensity prior to the treatment to that after the treatment, the enhancement factor was estimated to be 280-fold. This value is larger than the enhancement factor for the same Eu chelates on the AgNRs as our early report. 16 It could be ascribed to more sufficient spectral overlap between the emission of Eu 75 chelate and longitudinal plasmon of AgNR. This value is also larger than the enhancement factors for most organic fluorophores on the single metal nanoparticles, 10 suggesting that the Eu chelates can efficiently couple on the AgNRs. Next, we examined the emission signals from the individual Eu-
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AgNR complexes with a stage-scanning confocal microscope. First, the Eu-AgNR complex-containing solution with nM concentration was cast on a glass coverslip and subsequently dried in air. Herein, we could not provide direct evidence to support that these Eu-AgNR complexes were presented as individuals on the coverslip. However the scanning confocal image in Fig.2a displayed well-separated individual spots 5 resulting from the emission of Eu-Ag NR complex. The intensity histogram (Fig.2b) also expressed a tight distribution of count rate. Both represent that the Eu-AgNR complexes were presented as individuals. In addition, with the similar treatments, the organic fluorophores are found to mostly present as single 10 fluorophores on the coverslips in the fluorescence imaging measurements. 13 We also cast the nM AgNR-containing solution on the grid for the TEM measurements on which the AgNRs were observed to mostly present as individuals (Fig.1b) . We also immobilized the Cy5 on the AgNRs in the same strategy. The 15 time traces from the emission spots on the image expressed single-step photobleaching which is typical process from the single fluorophore. Thus, we could predict that the Eu-AgNR complexes should be presented as individuals on the coverslip. As controls, the nM free Eu chelate and Eu-silica nanoparticle 20 solutions were cast on the coverslips, respectively, and dried in air for the imaging measurements. With the similar concentrations, these Eu samples were also expected to present as single fluorophores or individual nanoparticles. The Eu samples on the coverslips were excited with a laser of 375 25 nm and the emission signals were recorded through a 610±35 bandpass filter on the confocal microscope. Since the Eu chelates have extremely long lifetimes, the repetition rate of excitation laser was reduced to a low frequency of 5 MHz. The emissions from the Eu-AgNR complexes were observed as round spots on 30 the image (Fig.2a) . In contrast, no emission signal from the free Eu chelates and Eu-silica nanoparticles could be detected. It was noticed that the emission spots from the Eu-AgNR complexes had relatively low brightness which was mostly below 20 counts / msec. To confirm that they were arisen from the 35 luminescence of Eu chelates, some emission spots in the image was selected to monitor their emission spectra using an Acton spectrograph that was coupled to an EMCCD camera and installed on the microscope (Fig.3a) . These spectra were found to be similar to the ensemble spectrum of Eu-AgNR complexes in 40 solution (Fig.3b) . We also cast the Eu-free silica-AgNR nanoparticles on the coverslip for collecting their scattering signals under the same conditions. On the image, there was no emission signal distinguishable from the background supporting that the emission spots in Fig.2a were indeed from the Eu 45 chelates. On the basis of these observations, it is concluded that the emissions from the single Eu chelates become detectable on the microscope only when the Eu chelates are immobilized on the AgNRs and the luminescence from these chelates is largely enhanced by the near-field interactions.
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It is interesting to notice that the intensity time-traces (Fig.3c) of the emission spots in Fig.2a expressed an apparent monotonic decay instead of a single-step bleaching which is typical behaviour of single fluorophore but. But the emissions from the single Cy5 dyes on the silica-AgNR nanoparticles mostly 55 expressed the typical single-step photobleaching on the timetraces (Fig.S2) .
14 Thus, we suggest that the Eu chelates were indeed absorbed on the AgNR as single fluorophores. The monotonic decay from a Eu-AgNR complex was probably due to progressive photocleavage of its ligands with the light irradiation. 60 It is known that fluorescence of Ln centre can be dramatically increased by coordination with the organic ligands. In contrast, with the light irradiation, the coordination ligand in the chelate is expected to photocleavage and, thus, the emission efficiency of Ln centre is reduced leading to a decrease of intensity. In this 65 mechanism, we expect to observe the emission decay from a single Ln chelate with multiple-step photobleaching. However, the emission count rates from the individual spots (Fig.2c) are too low. Correspondingly, the intensity time-traces were also observed to have very low emission count rate leading to that the 70 multiple-step photobleaching becomes an indistinctly apparent monotonic decay. To further evaluate the emission intensities from the single Eu chelates on the AgNRs, about 50 emission spots in Fig.2a were collected and the intensities were analysed by fitting with a 75 Gaussian distribution model (Fig.2b) . From the distribution curve, the maximum of 7 counts / ms was obtained. This value was larger than the intensity of emission background which was below 2 counts / ms. Thus, the emission signals from the single Eu-AgNRs complexes could be identified from the backgrounds. 80 On the other hand, this intensity was relatively low resulting in dim emission spots. Nevertheless, it was first observation to the emission signals from the single Ln dyes which was due to largely enhanced luminescence by the near-field interactions. The near-field interaction for an excited fluorophore with a metal 85 nanoparticle can increase its radiative rate and bring up a decrease of lifetime. 9, 10 From the emission spectral overlap in Fig.1 , the lifetime of Eu chelates on the AgNRs should be significantly reduced. The decays from the excited Eu chelates in the silica nanoparticles or on the AgNRs were collected using 90 ensemble solution method (Fig.4) . Compared to the Eu chelates in the silica nanoparticles, the chelates on the AgNRs were observed to have a much shorter decay time. The decay curves were analysed in terms of two-exponential model. The average lifetime of Eu chelates was estimated to 0.6 ms in the silica 95 templates, and was dramatically reduced to 15 µs on the AgNRs, about a 40-fold decrease. For a fluorophore on a metal nanoparticle, the fluorescence enhancement due to the near-field interaction can be considered to contribute from both the excitation and emission interactions. 100 Fig.4 . Intensity-decay curves of Eu chelates on the metal-free silica templates and bound on the AgNRs. These decay curves were acquired upon excitation at 375 nm with a time-gated method. The gate pulse width was controlled to be 0.5 ms and the delay time was 0.1 ms. 10 The total enhancement factor hence can be written as the product of the excitation and emission enhancement. Considering the influence from other factors in the process, the enhanced brightness (Y APP ) can be expressed as:
where, γ ex is the metal-induced excitation rate of the fluorophore at the excitation wavelength, γ em is the metal-induced emission rate of the fluorophore at the emission wavelength, η coll is the collection efficiency of the far-field light under the experimental conditions and σ is a normalization factor. For the systems with 10 the similar experiment conditions, the σ and η coll factors should be similar and, thus, can be approximately neglected. The γ ex and γ em factors hence become the dominant factors to enhance the fluorescence. The γ ex factor strongly relies on the absorption coefficient of the fluorophore and the local field intensity near the 15 metal nanoparticle. It means that the excitation interaction is strongly wavelength-dependent. We suggest that increased spectral overlapping can increase the excitation interaction and the largest excitation interaction can occur only when the absorption spectrum of the fluorophore maximally overlaps the 20 plasmon of the metal nanoparticle. In the similar way, the γ em factor is also wavelength dependent. Increased emission interaction by more efficient spectral overlapping can result in simultaneous increase of both radiative and non-radiative rates of the fluorophore. According to our experiences, the increased 25 radiative rate is the dominant factor and the fluorescence is significantly enhanced. 10, 20 Thus, we can conclude that more sufficient spectral overlapping between the fluorophore and metal nanoparticle at both the excitation and emission of the fluorophore can bring more efficient near-field interactions and 30 furthermore a larger scale fluorescence enhancement. Compared to the AgNRs in our early report, 16 the current AgNRs displayed more sufficient spectral overlapping with the Eu chelates at the emission (Fig.1a) . As a result, the enhancement factor of Eu chelates on the current AgNRs is larger than the early value. 35 We also intended to know the change of quantum yield of Eu chelates on the AgNRs. Although the fluorescence enhancement by the near-field interactions can be considered to contribute from both the excitation and emission interactions, in reality, it is difficult to separate these contributions from the total. In this 40 study, we approximately represented the enhancement by the emission interactions with the change of lifetime which was 40-fold. Consequently, the enhancement by the excitationinteractions could be estimated to be 7-fold when the total enhancement factor was 280-fold. The absorption coefficient of 45 Eu chelate on the AgNR hence can be considered to increase by 7-fold due to the excitation interaction. In general, the Eu chelates have a quantum yield of ca. 0.1. 6, 7 The quantum yield of Eu chelates on the AgNRs is estimated to be ca. 0.6. A large decrease of lifetime for a fluorophore can significantly 50 increase its photon counting rate and, thus, increase its data acquisition speed when recording the emission. It is particularly important for the Ln dyes because they own extremely long lifetimes to ms. On the other hand, the lifetimes of the Eu-AgNRs were found to remain tens µs much longer than several ns of 55 background emission in the measurements. As a result, the timegated methods can be still used to reject the short-lifetime backgrounds and the long-lifetime emissions from these Ln-metal nanoparticles can be distinguishable using the time-gated methods. Therefore, the detection sensitivity should be high.
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Conclusions+
In this work, we report the first observation of emissions from the single Eu chelates on the AgNRs. This was accomplished by efficient coupling of the excitation and emission spectra of Eu chelates with the dual-mode plasmons of AgNRs leading to 65 largely enhanced luminescence. For future works, we expect to fabricate the Ln-AgNR complexes on the basis of this observation. A large number Ln chelates can be loaded on one AgNR. These Ln-metal nanoparticles will have superior brightness. By reduced lifetimes, they will also have increased 70 data acquisition rates. Meanwhile, the Ln-metal nanoparticles will remain their lifetime much longer than the ns emission backgrounds in the measurements so that their emissions can be detected using time-gated methods leading to high detection sensitivity. Nevertheless, as novel luminescent nanoparticles, the 75 Ln-metal nanoparticles have great potential for biological and medical applications. 
Notes and references
